The Amundsen Sea drainage sector of the West Antarctic Ice Sheet (WAIS) is widely regarded as a candidate for triggering potential WAIS collapse. The grounded ice sheet drains into the Amundsen Sea Embayment and is thereby buttressed by its fringing ice shelves, which have thinned at an alarming rate. Satellite-based observations additionally reveal a considerable long-term decrease in sea-ice cover in the Amundsen Sea over the last two decades although the long-term significance of this trend is unclear due to the short instrumental record since the 1970s. In this context, investigations of past sea-ice conditions are crucial for improving our understanding of the influence that sea-ice variability has on the adjacent marine environment as well as any role it plays in modulating ice shelf and ice sheet dynamics. In this study, we apply novel organic geochemical biomarker techniques to a marine sediment core from the western Amundsen Sea shelf in order to provide a valuable long-term perspective on sea-ice conditions and the retreat of the Getz Ice Shelf during the last deglaciation. We analysed a specific biomarker lipid called IPSO 25 alongside a phytoplankton biomarker and sedimentological parameters and additionally applied diatom transfer functions for reconstructing palaeo sea-ice coverage. This multi-proxy data set reveals a dynamic behaviour of the Getz Ice Shelf and sea-ice cover during the deglaciation following the last ice age, with potential linkages to inter-hemispheric seesaw climate patterns. We further apply and evaluate the recently proposed PIPSO 25 approach for semi-quantitative sea-ice reconstructions and discuss potential limitations.
Introduction
Southern Ocean sea-ice cover is one of the most variable features on Earth's surface with extreme seasonal and often considerable interannual changes. Consequently, it plays a key role in the global climate system by influencing major atmospheric and oceanic processes (Thomas, 2017) . Satellite-based observations of Antarctic sea ice reveal a positive overall trend in sea-ice extent from 1979 to 2014 (Comiso et al., 2017; De Santis et al., 2017; Parkinson and Cavalieri, 2012) . Parkinson (2019) recently reported a reversal of this trend and note a decrease in Antarctic sea-ice extent since 2014, reaching record lows in 2017 and 2018. The positive overall trend, which is still displayed by the 40-y record (Parkinson, 2019) , however, shows huge interannual variabilities and also large opposing regional trends. These regions include the Bellingshausen and Amundsen Seas, where a sustained decline in annual sea-ice cover has been observed since the 1970s, and the Weddell and Ross Seas, where the area of annual sea-ice cover has increased during the same time interval (Comiso et al., 2017; Parkinson and Cavalieri, 2012; Stammerjohn et al., 2012) . Consequently, reconstructing regional (palaeo) sea-ice conditions is also crucial for understanding and interpreting current climate evolution and for improving predictions of its future (De Santis et al., 2017; Shepherd et al., 2018) . Furthermore, sea-ice seasonality and sea-ice cover are poorly resolved in current climate models (Rosenblum and Eisenman, 2017) and proxy-based sea-ice reconstructions provide a tool with which to validate and improve these predictive models (Vaughan et al., 2013) .
Sea ice triggers complex feedback mechanisms in the global climate system. It is a limiting factor for the gas, heat and moisture exchange between the ocean and atmosphere (Bopp et al., 2003; Thomas, 2017) and also affects primary productivity and the thermohaline circulation (Perrette et al., 2011; Smith and Nelson, 1986; Smith, 1987) . The bright surface of sea ice is highly reflective (high albedo) inhibiting oceanic uptake of incoming solar radiation (Hall, 2004; Massom et al., 2001) . During sea-ice formation, brines are released into the water column, building a barrier of denser waters that preclude incursions of relatively warm deep waters from entering sub-ice shelf cavities, consequently minimising basal melt of ice shelves in some regions (e.g. Hellmer et al., 2012) . Brines also make a major contribution to the formation of Antarctic Bottom Water (AABW) (e.g. Nicholls et al., 2009) . Furthermore, Massom et al. (2018) found that sea-ice presence in the vicinity of weakened or flooded ice shelves acts as a protective buffer by reducing the destructive effects of ocean swells.
In the Southern Ocean, proxy-based sea-ice reconstructions mainly rely on analyses of sea-ice associated diatom assemblages preserved in marine sediments to determine past positions of mean seasonal and perennial sea-ice extent and to infer relative shifts in the duration of the sea-ice/open water seasons (Allen et al., 2011; Crosta et al., 1998; Gersonde and Zielinski, 2000; Leventer et al., 1996; Leventer, 1998) . Diatom-based transfer functions (TF) have allowed for quantitative reconstructions of sea-ice concentrations and sea surface temperatures (SSTs) Benz et al., 2016; Crosta et al., 1998; Esper and Gersonde, 2014a; Gersonde et al., 2005; Zielinski et al., 1998) , but the application of this TF approach can be limited due to dissolution effects of the thin silica frustules of diatoms within the water column or after deposition (e.g. Leventer, 1998; Zielinski et al., 1998) . Highly branched isoprenoid (HBI) alkenes, organic geochemical lipids biosynthesized by certain diatoms have recently been shown to provide an alternative and robust proxy to reconstruct past Antarctic sea ice Collins et al., 2013; Denis et al., 2010; Etourneau et al., 2013; Mass e et al., 2011) . The di-unsaturated HBI alkene C 25:2 has been measured in Southern Ocean sediments and recently found to be produced by the Southern Ocean sympagic tube-dwelling diatom Berkeleya adeliensis, which is commonly associated with land-fast ice and consolidated platelet ice Riaux-Gobin and Poulin, 2004) . Because of its structurally close relationship to the well-established mono-unsaturated C 25:1 HBI, IP 25 , in the Arctic Ocean (Belt et al., 2007; Belt and Müller, 2013; Belt, 2018) , the term IPSO 25 (Ice Proxy for the Southern Ocean with 25 carbon atoms) was introduced . The Arctic sea-ice proxy IP 25 was proven a reliable proxy for sea-ice conditions and has since been combined with open-water phytoplankton biomarkers, such as brassicasterol, dinosterol (Volkman, 1986; Volkman et al., 1993) or HBI trienes (HBI III; Smik et al., 2016) , to obtain a more accurate picture of prevailing sea-ice conditions (Müller et al., 2009 (Müller et al., , 2011 . The absence of IPSO 25 in the sediments can be the result of either permanent open-ocean conditions or a floating ice canopy (either a perennial sea-ice cover or ice-shelf cover), which prevents light penetration needed for ice algae growth. In order to avoid misinterpretations, the so called PIP 25 index was established, with "P" representing an open-water phytoplankton biomarker (e.g. Belt and Müller, 2013; Müller et al., 2011; Xiao et al., 2015) .
A common approach in Antarctic waters, so far, is the application of a ratio of IPSO 25 and an HBI triene (C 25:3 ), which may reflect the relative contributions of sea-ice and open-water phytoplankton inputs of organic matter, respectively, to the seabed sediments (Barbara et 25 and an open-water phytoplankton biomarker. The results obtained from surface sediments from the Antarctic Peninsula are in general agreement with sea-ice distribution data derived from satellite data and diatom assemblages, and suggest that the PIPSO 25 index may serve as a suitable approach for sea-ice reconstructions in Antarctica (Vorrath et al., 2019) .
Reconstructions of palaeo sea-ice conditions in the Amundsen Sea are still sparse, yet knowledge about how the environment has changed is critical to better understand the current trend of declining sea ice (since the 1970s; Parkinson, 2019; Stammerjohn et al., 2015) in this climate sensitive area. Well-constrained proxy-records will lead to a more complete understanding of the long-term relationship between climate and sea-ice variability that will help to validate numerical model predictions of future scenarios of ice sheet dynamics and ocean-cryosphere interactions.
Here, we present the first biomarker-based palaeo-record for the western Amundsen Sea Embayment (ASE) shelf documenting the retreat of the Getz Ice Shelf and the onset of sea-ice coverage since the last deglaciation. The application of the sea-ice biomarker lipid IPSO 25 alongside the phytoplankton marker dinosterol enables us to reconstruct how the sea-ice/ice shelf cover in the western ASE has changed and how these changes might be linked to interhemispheric bipolar seesaw climate patterns. We compare our environmental interpretations based on the results of the organic geochemical biomarker analyses with interpretations derived from investigations of sedimentological proxies (Hillenbrand et al., 2010) and winter sea-ice (WSI) concentrations reconstructed from diatom TF on marine sediment core PS69/274-1.
Regional setting
North of the West Antarctic continental shelf of the Amundsen Sea, the Antarctic Circumpolar Current (ACC), the largest current system in the world (Meredith et al., 2011) , flows in an eastward direction. Offshore from the ASE shelf, the Southern Boundary of the ACC (SBACC) marks the landward limit of the ACC and roughly divides the Seasonal Sea Ice Zone (affected by winter sea-ice cover) in the north from the perennial Sea Ice Zone in the south, where sea-ice cover persists throughout summer (Orsi et al., 1995) . Waters on the continental shelf are characterised by the generally westward flowing Antarctic Slope Current (Mathiot et al., 2011) and are affected by seasonal (winter) and perennial sea-ice coverage ( Fig. 1) .
At present, perpendicular to the coast, relatively warm deep water, modified Circumpolar Deep Water (mCDW), is locally upwelling along deep glacially-carved troughs into the sub-ice shelf cavities of the continental shelf and up to the ice sheet grounding lines (e.g. Jacobs et al., 2011; Jenkins et al., 2010 Jenkins et al., , 2018 Nakayama et al., 2013) . The inflow of these relatively warm water masses is considered as a main driver for basal melting of ice shelves in the ASE Jenkins et al., 2010 Jenkins et al., , 2018 Shepherd et al., 2004; Thoma et al., 2008) .
The inner shelf of the ASE is further characterised by the presence of two coastal polynyas, the Pine Island Polynya in Pine Island Bay and the Amundsen Sea Polynya (ASP) north of the Dotson and westernmost Getz ice shelves ( Fig. 1 ; Alderkamp et al., 2012) . Coastal polynyas play an important role in a number of physical and biological processes, such as sea-ice production, salt flux, water mass formation and elevated primary and secondary production, which is controlled by light availability at these high latitude environments (Arrigo and Van Dijken, 2003; Arrigo et al., 2015; Kern, 2009; Maqueda et al., 2004; Martin, 2001) . The core analysed in this study is today located within the ASP (~27 000 km 2 ), which is the most biologically productive polynya in Antarctica (Arrigo and Van Dijken, 2003; Arrigo et al., 2012; Kim et al., 2015 Kim et al., , 2016 Lee et al., 2017; Yager et al., 2012) . In the ASP region, the length of the sea-ice season has declined by 60 ± 9 days since 1979, which is attributed to the earlier opening of the ASP in the year by 52 ± 9 days (Yager et al., 2012) . The mean seasonal sea-ice cover in the coastal area of the western ASE lasted on average 314 days per year during the period from 1979 to 2013, and annual sea-ice cover between 1993 and 2013 was on average two months shorter than between 1979 and 1992, associated with changes in spring sea-ice retreat (Stammerjohn et al., 2015) . The trend in sea-ice area for the period from 1979 to 2014 in the Bellingshausen and Amundsen Seas was the only one that is negative around Antarctica, with an average decrease of À3.2% ± 1.4% decade À1 (Parkinson, 2019) .
Material and methods

Material
Gravity core PS69 Gohl, 2007) . Sediment core PS69/274-1 was previously divided into three lithological units by Hillenbrand et al. (2010) . Unit I (0e196 cm) was described as bioturbated and stratified mud and silty clay, Unit II (196e239 cm) as bioturbated and stratified diatomaceous ooze and diatomaceous mud. Unit III was split into two subunits with Unit IIIa (239e317 cm) comprising bioturbated mud, sandy mud and muddy sand (with diatoms) and Unit IIIb (317e451 cm) comprising strongly laminated to stratified mud, sandy mud and muddy sand barren of diatoms. In this study, we adopt the age model of core PS69/274-1 (Table 1) obtained by radiocarbon dating of the acid-insoluble organic fraction (AIO) of the sediments and constrained by relative palaeomagnetic intensity (RPI) dating (Hillenbrand et al., 2010; Smith et al., 2011) . The oldest AIO 14 C age obtained from a sample at 311.5e312.5 cmbsf (24 543 cal. a BP) is considered unreliable because of significant contamination with reworked fossil organic carbon (Hillenbrand et al., 2010) , which is supported by observations that the proximity of the grounding line during sediment deposition in a Fig. 1 . Map of the Amundsen Sea (indicated by red box in insert map), showing the locations of marine sediment core PS69/274-1 (red diamond) and the nearby surface sediment sample from site PS69/275-2 (black dot). Summer sea-ice boundaries, polynyas and winter sea-ice boundaries are marked by dashed blue and black lines, respectively (Fetterer et al., 2016) . Southern Boundary of the Antarctic Circumpolar Current (SBACC) is displayed as solid dark grey line and flow direction of the Antarctic Circumpolar Current (ACC) is indicated by the dark blue arrow. White arrows illustrate the flow direction of the Antarctic Slope Current (Mathiot et al., 2011; Orsi et al., 1995 (Arndt et al., 2013) . Insert map shows extent of grounded ice only (i.e., no ice shelves). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) Table 1 Age model for core PS69/274-1 based on radiocarbon dating of the acid insoluble organic fraction (AIO) and published by Hillenbrand et al. (2010) . Conventional 14 C ages, local contamination offset (LCO) and calibrated 14 C ages are given. For the calibration, the LCO corrected age and the Southern Ocean marine reservoir effect of 1 300 ± 100 years (DR ¼ 900 ± 100 years) (e.g., Berkman and Forman, 1996) proglacial setting leads to high inputs of reworked fossil carbon (Domack, 1992; Heroy and Anderson, 2007) . Due to the relative coarse resolution of the age model, the proxies are plotted versus depth and the age model is presented as age constraints on the depth-axis. However, data presented along an age-axis are presented in Supplementary Figs . 1 and 22.
Bulk sediment and biomarker analyses
The sediment samples (avg. of ca 13 g) were stored in glass vials at À20 C before and after being freeze-dried and homogenized with a mortar. Prior to the grinding, the coarse fraction comprising coarse sand and gravel (>0.5 mm) was removed from the sediment by sieving and converted into weight percent. After the removal of inorganic carbon (carbonates, total inorganic carbon) with 500 ml 12 N hydrochloric acid, the analysis of total organic carbon (TOC) contents was conducted on 0.1 g of sediment and measured with a carbon-sulphur determinator (CS 2000; Eltra). Standards were measured for calibration before the sample analyses and after every tenth sample to ensure accuracy (error ± 0.02%). The weight percentages (wt%) of total carbon (TC) and nitrogen (TN) were analysed using a CNS (Elementar Vario EL III) analyser. The percentage of carbonate was calculated from the difference between the amount of TC and organic carbon, using the following equation: CaCO 3 (%) ¼ (TCÀTOC) Â 8.333. The precision (relative standard deviation, 1s) of the measurements was better than 4% and accuracy better than 1% relative. For biomarker analyses, ca 4 g of the freeze-dried and homogenized sediment was extracted using ultrasonication (3 Â 15 min) and dichloromethane:methanol (3 Â 6 ml; 2:1 v/v) as solvent. Prior to extraction, the internal standards 7-hexylnonadecane (7-HND; 20 ml/sample) and 5a-androstan-3-ol (40 ml for surface sample PS69/275-2, 60 ml for PS69/274-1) were added for later quantification of HBIs and sterols, respectively. Fractionation of the extract was achieved by opencolumn chromatography, using SiO 2 as stationary phase. Elution of the HBIs and sterols was conducted with 5 ml n-hexane and 8 ml ethylacetate:n-hexane (20:80 v/v), respectively. Sterols were silylated with 300 ml bis-trimethylsilyl-trifluoroacetamide (BSTFA; 60 C; 2 h). Compound identification was carried out using a gas chromatograph (GC; Agilent Technologies 7890B fitted with a 30 m DB 1MS column, 0.25 mm diameter and 0.25 mm film thickness) coupled to a mass selective detector (MSD, Agilent Technologies 5977B, with 70 eV constant ionization potential, ion source temperature of 230 C). For hydrocarbon analysis, the temperature program of the GC was set to: 60 C (3 min), 150 C (rate: 15 C/ min), 320 C (rate: 10 C/min), 320 C (15 min isothermal) and for sterol analysis: 60 C (2 min), 150 C (rate: 15 C/min), 320 C (rate: 3 C/min), 320 C (20 min isothermal). Helium served as carrier gas. HBI and sterol compounds were identified based on their GC retention times and mass spectral characteristics (Belt et al., 2000; Belt, 2018; Boon et al., 1979) . Quantification of each lipid was achieved by setting the integrated GC-MS peak area in relation to that of the respective internal standard and by normalizing the resulting ratios by means of an instrumental response factor obtained for the individual lipid (Belt et al., 2014; Fahl and Stein, 2012) . For IPSO 25 quantification, the molecular ion (m/z 348) was used in relation to the fragment ion m/z 266 of the internal standard 7-HND (Belt, 2018) . For sterol quantification, the molecular ion m/z 500 for dinosterol (4,23,24 trimethyl-5a-cholest-22 E-en-3b-ol) was compared to the fragment ion m/z 348 of the internal standard 5a-androstan-3-ol. The masses of IPSO 25 and dinosterol derived by the GC-MS were then converted to sedimentary concentrations using the mass of extracted sediment. Concentrations of IPSO 25 and dinosterol were corrected to the TOC contents of each sample.
Following Müller et al. (2011) , we specified the PIPSO 25 index by using the subscript "D" as P D IPSO 25 which refers to the use of dinosterol as phytoplankton biomarker. The P D IPSO 25 index was calculated based on the following equation:
with c being a concentration balance factor to account for significant concentration differences between IPSO 25 and dinosterol calculated as the ratio of mean IPSO 25 concentration to mean dinosterol concentration (Müller et al., 2011 
Diatom transfer function derived winter sea-ice concentrations
We reconstructed WSI concentrations with a TF developed by Esper and Gersonde (2014a) , applying the Modern Analog Technique (MAT) (after Hutson, 1980) . Statistical details, background of the method and its performance at different application levels in comparison with other estimation methods are presented in Esper and Gersonde (2014a) . For this purpose, quantitative diatom slides were prepared following the standard techniques (Gersonde and Zielinski, 2000) . For diatom counting, the methods of Schrader and Gersonde (1978) were applied using a Zeiss Axioplan 2 microscope at 1000x magnification. Diatoms were identified to species or species group level and, if possible, to forma or variety level. The taxonomy follows primarily Hasle and Syvertsen (1996) , Zielinski and Gersonde (1997) , and Armand and Zielinski (2001) . Species and species groups used for sea-ice reconstructions exhibit close relationships to environmental variables (Zielinski and Gersonde, 1997; Armand et al., 2005; Crosta et al., 2005; Romero et al., 2005; Esper et al., 2010; Esper and Gersonde, 2014a, b) . For estimating WSI concentrations we applied the TF MAT-D274/28/ 6an, comprising 274 reference samples from surface sediments in the western Indian, the Atlantic and the Pacific sectors of the Southern Ocean, with 28 diatom taxa and taxa groups, and an average of 6 analogs (Esper and Gersonde, 2014a) . The WSI estimates refer to September sea-ice concentrations averaged over a time period from 1981 to 2010 at each surface sediment site (National Oceanic and Atmospheric Administration, NOAA; Reynolds et al., 2002 Reynolds et al., , 2007 . The reference data set is suitable for our approach as it uses a 1 deg. by 1 deg. grid, giving a higher resolution than previously used and results in root mean square errors of prediction (RMSEP) of 5.52% (Esper and Gersonde, 2014a) .
Results and discussion
Reconstruction of the palaeoenvironment from proxies
Based on our organic geochemical records, content of coarsegrained terrigenous debris >0.5 mm (supplied either by icebergs or sea ice, or transported at the base of an ice shelf and at some distance from the grounding line), on the basis of C/N ratios, carbonate (CaCO 3 ) as well as TOC content and TF (diatom) results in addition to previously published magnetic susceptibility, shear strength, biogenic opal, smectite/chlorite ratios (Sm/Chl ratios) in the clay fraction and grain size data (Hillenbrand et al., 2010; Smith et al., 2011) , the sediments of core PS69/274-1 can be divided into four units (A-D), reflecting the palaeoenvironmental changes in the western ASE since the last deglaciation (Figs. 2e4) . These units do not correspond directly to the three main lithostratigraphic units defined by Hillenbrand et al. (2010) or the two facies units distinguished by Smith et al. (2011) because the biomarker data permit a more detailed reconstruction of the palaeo-sea surface conditions and, for example, the identification of the first retreat of the floating ice canopy from the core site and the onset of favourable growth conditions for biomarker synthesizing phytoplankton and sea-ice diatoms. The biomarker data are the main basis for the new definition of these units, which are now numbered chronologically from A to D (with Unit A being the oldest and Unit D being the youngest), which are then discussed and compared with the already published data by Hillenbrand et al. (2010) for reconstructing the palaeoenvironmental changes in the western ASE (Fig. 3) .
4.1.1. Unit A: Floating ice canopy subsequent to grounding line retreat
In the lowermost unit of the core (Unit A; 451 to 317 cm below seafloor [cmbsf] ), concentrations of the sea-ice biomarker lipid IPSO 25 and of the phytoplankton-derived biomarker dinosterol are below the detection limit ( Fig. 2c and b, respectively) . Hence, the calculation of the P D IPSO 25 index is not possible. The absence of both biomarker proxies suggests that the environmental conditions were not favourable either for open-water phytoplankton nor for IPSO 25 producing sea-ice diatoms. In previous studies, the absence of sea ice and phytoplankton-derived biomarkers in marine sediments has been interpreted to relate to a very thick ice cover (Belt, 2018; Müller et al., 2009) .
Such an ice cover would also explain the lack of diatom frustules in the corresponding sediments, which, together with the lack of bioturbation, was also attributed to ice-shelf or permanent sea-ice cover by Hillenbrand et al. (2010) (Fig. 3) . Assuming that the core site was covered by a floating ice canopy during deposition of this unit we assigned a maximum P D IPSO 25 value of 1 to these samples to maintain the sea-ice scaling of the P D IPSO 25 results and aid visualisation (displayed as triangles in Figs. 2 and 3) .
TOC and biogenic opal contents in Unit A are extremely low, varying around 0.1 wt% and 1 wt%, respectively (Figs. 2d and 3c) , with the low opal content either reflecting the rare presence of fragments of siliceous microfossils (i.e., too tiny for being identified under a microscope) or being an artefact caused by the partial leaching of clay minerals or volcanic glass (e.g. Müller and Schneider, 1993) . These low TOC and opal values thus indicate a time interval of low or absent biological production. The unit is characterised by the highest magnetic susceptibility values measured on the core, varying between 300 and 500 Â 10 À5 SI units (Fig. 3f) , which points to a high input of terrigenous detritus from a nearby grounding line (see Hillenbrand et al., 2010; Smith et al., 2011) . Clay mineral data from neighbouring gravity core PS69/ 275-1 (for site location, see Fig. 1 ), reveal high chlorite contents in sediments deposited as subglacial till or proximal to the grounding line . Therefore, the relatively low Sm/Chl ratio around 0.6 in Unit A sediments of core PS69/274-1 ( Fig. 3d ; Smith et al., 2011) probably indicates sediment deposition not far away from the grounding line. The grain size composition of Unit A is mainly dominated by mud (ca 80 wt%), but shows two distinct maxima in gravel and sand contents (<60 wt%) at 400 and 320 cmbsf , with coarse-grained debris >0.5 mm peaking at the same depths (<1.8 wt%; Fig. 3h and g ). Such maxima in gravel and sand contents can be interpreted as the result of two episodes, when either freely drifting icebergs transported ice-rafted debris (IRD) to the core location or when the core site was located closer to the grounding line and affected by rain-out of debris from the base of an ice shelf. Hillenbrand et al. (2010) observed lamination and stratification in the corresponding core interval but also reported absence of diatoms. Based on the findings from the productivity proxies (TOC, biogenic opal and dinosterol contents), we conclude that Unit A was deposited under a floating ice canopy formed either by perennial sea-ice cover or part of the Getz Ice Shelf (Fig. 4; Unit A) . The coarsegrained debris peaks together with the clay mineral data indicate a position of the core site not far away from the grounding line, suggesting that the site was most likely covered by an ice shelf. According to the oldest reliable AIO 14 C age from 232 cmbsf depth, Unit A must have been deposited earlier than 12.7 cal. ka BP, with the RPI age model for core PS69/274-1 constraining its deposition to the time before 13 ka (Table 1; Hillenbrand et al., 2010) . We therefore conclude that the deposition of Unit A took place during the last deglaciation, subsequent to grounded ice-retreat . Grounded ice-retreat from the inner Antarctic continental shelf during that time has also been reported for other areas. For example, a reconstruction by Milliken et al. (2009) (Hillenbrand et al., 2013) . Given the deposition of Unit A, under a floating ice canopy, not far away from the grounding line, we assume that it was deposited at very high sedimentation rates, which are expected to be at least an order of magnitude higher than at more distal locations (Andrews, 1987; Domack and Mcclennen, 1996) . Interestingly, Milliken et al. (2009) report extremely low sedimentation rates in a similar setting with sedimentation under a permanent floating ice canopy in Maxwell Bay, which highlights the need to consider geomorphological features and the relative distance to the grounding line of an ice shelf.
Unit B: Dynamic ice front
In Unit B, from 317 to 239 cmbsf, concentrations of the sea-ice biomarker lipid IPSO 25 range from 4 to 8 mg*g OC À1 and are significantly higher than in the underlying Unit A, except for an interval around 275 cmbsf, where the lipid is absent (Fig. 2c) .
Concentrations of the phytoplankton-derived biomarker dinosterol
show a similar pattern; increased values of 200e400 mg*g OC
À1
( Fig. 2b) relative to Unit A, interrupted by its absence at ca 275 cmbsf. The P D IPSO 25 index varies between 0.4 and 0.8 (Fig. 2a) . The overall higher concentrations of both biomarker proxies in sediments from Unit B, when compared to those in sediments of Unit A, suggest more favourable environmental conditions for phytoplankton and IPSO 25 producing sea-ice diatoms, which we interpret as a result of break-up or retreat of the Getz Ice Shelf and establishment of seasonally open marine conditions ( Fig. 4; Unit B) . Ice shelf break-up conditions would also explain the low but significant diatom frustule concentrations in Unit B (cf. Hillenbrand et al., 2010 ). This conclusion is supported by our diatom TF which indicates a WSI concentration of ca 90% during the deposition of this unit (Fig. 3a) .
Also, TOC, CaCO 3 and biogenic opal contents in Unit B sediments range from 0.2 to 0.4 wt%, 1e3 wt% and 2 wt%, respectively, and thus are higher than in the underlying sediments (Figs. 2 and 3) , indicating increased marine productivity. The magnetic susceptibility generally decreases upwards throughout the unit to 200e350 Â 10 À5 SI units, suggesting a reduction in the supply of terrigenous detritus or increase in supply of biogenic material. A peak of 350 Â 10 À5 SI units at ca 275 cmbsf interrupts the decreasing trend, pointing to a higher terrigenous input as it is evident from a coinciding distinct maximum in coarse-grained debris >0.5 mm (1.7 wt%; Fig. 3 ). The grain-size is dominated by mud (>90 wt%) throughout Unit B (Fig. 3h ), pointing to a grounding line distal glacimarine depositional setting (Hillenbrand et al., 2010; Smith et al., 2011 ). According to the RPI age model, Unit B is older than 12.7 cal. ka. Importantly, our new biomarker record provides greater detail than previous sedimentological studies (Hillenbrand et al., 2010; Smith et al., 2011) , by revealing the onset of seasonal open-marine productivity at 317 cmbsf. This is shown by the rapid increase of both biomarkers from 317 to ca 280 cmbsf and intermediate to high P D IPSO 25 values. Based on a new study on marine sediments from the Antarctic Peninsula (Vorrath et al., 2019) , such changes can result from a transition from extensive sea-ice cover to marginal sea-ice/ice-edge conditions. A similar transition from a floating ice canopy to sea-ice dominated conditions from ca. 14.1e14.8 ka to 10.1 ka BP has also been reported by Milliken et al. (2009) for Maxwell Bay. We attribute the lack of both biomarkers from 278 to 269 cmbsf and the peak in magnetic susceptibility in this depth interval to a thick ice coverage, probably caused by an ice-shelf re-advance or the predominance of a perennial sea-ice cover and consequently also assign a maximum P D IPSO 25 value of 1 to these samples (displayed as triangles in Figs. 2 and 3) . As Milliken et al. (2009) do not report (or resolve) such a specific cooling interval in Maxwell Bay, we note that this suggested re-advance in ice-cover at our relatively more ice-shelf proximal core site may result from changes in local oceanic and/or atmospheric circulation patterns or a rapid ice-shelf surge. However, taking account of the coarse resolution of the age model of core PS69/274-1, we contemplate that this hypothesised re-advance of the Getz Ice Shelf or development of perennial seaice cover tentatively may have been associated with the atmospheric cooling during the Antarctic Cold Reversal (ACR), which interrupted warming in Antarctica during the last deglaciation and lasted from 14.5 to 12.9 ka BP (Blunier et al., 1997; Blunier and Brook, 2001; Jouzel et al., 1995; WAIS Divide Project Members, 2013) . The ACR coincided with the abrupt warming of the Bølling-Allerød interstadial in the North Atlantic and was characterised by Southern Ocean cooling and Antarctic sea ice reversing its deglacial retreat trend because of interhemispheric coupling mechanisms (Skinner et al., 2010) . These opposing climate trends of the two hemispheres are proposed to be driven by oceanic and/or atmospheric processes and referred to as the bipolar seesaw Broecker, 1998; Pedro et al., 2011) . Hitherto, the temporal and spatial extent of the ACR is mainly documented in Antarctic ice cores (e.g. Pedro et al., 2016) , while only few marine 14 C age constraints in calib. a before present (BP) in dark grey; unreliable age given in italics (Hillenbrand et al., 2010) . Interval highlighted by dashed grey line marks the Antarctic Cold Reversal (ACR; Jouzel et al., 1995) . Biomarker concentrations and calculated P D IPSO 25 value of the surface sample (box core PS69/275-2) indicated by dots with black circle and label in respective color. Triangles in P D IPSO 25 -curve: thick ice cover, maximum value of 1 assigned to these samples. Core is divided into four units as indicated in the lowermost and topmost bar: Unit A: floating ice canopy (blue shading), Unit B: dynamic ice front, Unit C: reduced sea ice/sea-ice re-expansion (red shading), Unit D: seasonal sea ice. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
records document re-advances of (sub-) Antarctic glaciers and elevated WSI concentrations during this time period (Bianchi and Gersonde, 2004; Graham et al., 2017; Xiao et al., 2016) . Xiao et al. (2016) , for example, compiled high resolution diatom composition records from the Antarctic Zone of Atlantic and Western Indian sectors of the Southern Ocean and determined the variability in summer sea surface temperatures and sea-ice conditions of the past 30 ka. They report a cooling observed in all investigated cores at 14-12 ka. Graham et al. (2017) used sea-floor geophysical data and marine sediment records off South Georgia and conclude on a cooling between 15.2 and 13.3 ka, both linking these cooling events to the ACR, revealing that this climate pattern extended up into the Atlantic sector of the Southern Ocean. Hence, locations more distal to the ice sheet (such as Southern Ocean pelagic records) seem to reflect atmospheric climate patterns rather than local trends, whilst locations in closer proximity to the ice shelf (such as our record), are much more likely influenced by, for example, a local or rapid ice-shelf surge. Interestingly, in the sediments at ca 280 cmbsf, directly underlying the horizon of absence of both biomarkers, we observe a higher concentration of dinosterol as well as relative maxima in the TOC and CaCO 3 contents and in the Sm/Chl ratios ( Fig. 3e and d) . These peaks can be attributed to a short but significant warming period characterised by more open water conditions and higher productivity. Antarctic ice cores, such as the WAIS Divide Ice Core, and marine records from the Scotia Sea and the eastern Atlantic sector of the Southern Ocean (Xiao et al., 2016) , also revealed a significant warming prior to the ACR during the Antarctic Isotope Maximum (AIM) 1 (Cuffey et al., 2016; WAIS Divide Project Members, 2013) , which could have caused an increase in primary productivity reflected in higher dinosterol, TOC and CaCO 3 contents and of Sm/Chl ratios observed in core PS69/274-1 just shortly before the onset of the ACR. These elevated productivity proxies during AIM 1 argue against a perennial sea-ice or ice-shelf cover at the core site, though seasonal (winter/spring) sea ice must have occurred as it is indicated by the presence of IPSO 25 and diatom TF derived WSI concentrations of ca 90%.
4.1.3. Unit C: Reduced sea-ice cover followed by sea-ice reexpansion Unit C in core PS69/274-1 (239-150 cmbsf) can be divided into two subunits (C1 and C2). Subunit C1 (239-196 cmbsf) comprises a diatomaceous ooze consisting of very well-preserved frustules of Corethron pennatum, which are considered open-water diatoms indicative of ice-free conditions (Maddison et al., 2005) and provided two AIO 14 C ages of 12.7 cal. ka BP, consistent with the RPI age constraints (Hillenbrand et al., 2010) . The lower half of the subunit is not resolved by the biomarker data, while the upper half is characterised by the absence of the sea-ice biomarker IPSO 25 (Fig. 2c) . Concentrations of the phytoplankton-derived biomarker dinosterol vary slightly around a value of 180 mg*g OC
, also not resolving the lower half of the subunit (Fig. 2b) . The calculated seaice index P D IPSO 25 is 0, indicating the absence of spring sea-ice cover and predominantly open water conditions during spring and summer ( Fig. 2a ; Belt, 2018; Müller et al., 2011) . The relatively low dinosterol concentrations could be explained by unfavourable preservation conditions for organic compounds in the diatomaceous ooze, where an aggregation between fine-grained detritus and organic matter is severely restricted by the absence of silt and clay particles. Alternatively, either a limited nutrient supply in the open ocean could have reduced the productivity of dinosterol synthesizing phytoplankton species or exceptionally high sedimentation rates could have led to a dilution of the biomarker signal (i.e. dinosterol) within the sediment (Belt, 2018; Lizotte, 2001) . Seaice concentrations derived from diatom TF show a similar trend within subunit C1 and point towards a reduced WSI cover, even though the WSI concentration still ranges from 65 to 80% (Fig. 3a) .
The alleged discrepancy in the reconstructed sea surface conditions, under which subunit C1 was deposited, can be attributed to the different seasons represented by the two sea-ice proxies: While the sea-ice index P D IPSO 25 indicates a reduced sea-ice cover during spring and summer, the diatom TF derived WSI concentration reveals reduced but still existing sea-ice cover during the winter months (Fig. 3a) . With values between 0.4 and 0.6 wt%, 3 wt% and 40 wt%, respectively, the TOC, CaCO 3 and biogenic opal contents in subunit C1 are even higher than in underlying Unit B (Fig. 3) . Taking into account that the opal content determined for the sediments of subunit C1 is most likely underestimated because the leaching method applied for its measurement (Hillenbrand et al., 2010 ) is better suited for quantifying low opal contents (Müller and Schneider, 1993) , the productivity proxies indicate high primary productivity, consistent with reduced sea-ice cover during spring and summer inferred from the biomarker data. The magnetic susceptibility values show an absolute minimum of <10 Â 10 À5 SI units (Fig. 3f ), pointing to a very low content of terrigenous components and highlighting the biogenic composition of this subunit. The diatom TF derived WSI data, the biogenic opal and the magnetic susceptibility do, unlike the biomarker record, resolve the lower half of the subunit, suggesting the onset of reduced sea ice during spring and summer at around 12.7 cal. ka BP (239 cmbsf). A similar observation was made by Sjunneskog and Taylor (2002) , whose diatom abundance record from Palmer Deep suggests that open water primary productivity commenced at 12.8 ka BP. The grain size distribution shows no significant change, unlike the phase of ice shelf break-up/retreat recorded in Unit B.
Based on these findings we conclude that during deposition of subunit C1 spring and summer sea-ice cover reached its minimum ( Fig. 4 ; Unit C) promoting a higher diatom productivity and the deposition of the diatomaceous ooze. We tentatively suggest that the drastic decrease in spring/summer sea-ice coverage was linked to Antarctic warming that coincided with the onset of the Younger Dryas stadial in the Northern Hemisphere from 12.9-11.7 ka BP (centred at 12.85 ka BP; e.g. Denton et al., 2010) . As already noted for the ACR, the environmental conditions at core site PS69/274e1 may have been subject to local oceanic and atmospheric controls rather than to global teleconnections and attempts to relate these observations to interhemispheric feedback mechanisms certainly require more data from the Amundsen Sea and robust chronologies. However, the assignment of this minimum sea-ice/high productivity interval with the Younger Dryas is supported by AIO 14 C dates obtained from the diatomaceous ooze in subunit C1 and in other cores recovered offshore from the westernmost Getz Ice Shelf (Hillenbrand et al., 2010, Figs. 2 and 3) .
The reliability of these ages is considered high for three reasons: (1) AIO 14 C ages obtained from sediments with very high biogenic contents, such as the very pure diatomaceous ooze of subunit C1, provide reliable dates because of high contents of fresh organic matter (e.g., Andrews et al., 1999) ; (2) the marine setting distal from the ice sheet grounding line implies that it is less affected by contamination with reworked fossil organic matter (Hillenbrand et al., 2010) ; and (3) confirmation by the RPI age model (Hillenbrand et al., 2010) . In subunit C2 from 196 to 150 cmbsf, concentrations of IPSO 25 range from 6 to 16 mg*g OC À1 and are significantly higher than in the underlying subunit C1. The phytoplankton-derived biomarker dinosterol also shows significantly higher concentrations of 300e600 mg*g OC
, relative to the underlying subunit. The calculated sea-ice index P D IPSO 25 values around 0.7 resemble those in Unit B, which was deposited during the post-LGM break-up/ retreat of the Getz Ice Shelf (Fig. 2a) . Rising IPSO 25 concentrations point to a re-expansion of spring sea-ice cover, while the strong increase and high concentrations in dinosterol point to either icefree summer sea surface conditions or sustained ice-edge phytoplankton blooms. Primary production in marginal ice zones (MIZ) can exceed that of the permanently open ocean (Belt, 2018; Lizotte, 2001 ) and would explain the maximum concentration of dinosterol in subunit C2. Since diatom derived TF reconstructions for this subunit indicate a WSI concentration of 90%, we assume that sea ice prevailed also during spring (promoting IPSO 25 synthesis) but retreated in summer (permitting phytoplankton growth). TOC concentrations vary around an average value of 0.4 wt%, whilst magnetic susceptibility values are also relatively constant (mean Fig. 3 . Winter sea-ice concentrations based on diatom transfer functions (a), P D IPSO 25 (b), biogenic opal (c), CaCO 3 and smectite/chlorite ratio (d), TOC and C/N ratio (e), magnetic susceptibility and shear strength (f), content of coarse-grained terrigenous debris (>0.5 mm; determined on distinct biomarker samples prior grinding; g) and contents of mud (0e63 mm; white infill), sand (63 mm-2 mm; grey infill) and gravel (>2 mm; black infill; h) for sediment core PS69/274-1. AMS 14 C age constraints in calib. a BP in dark grey; unreliable age given in italics (Hillenbrand et al., 2010) . Interval highlighted by dashed grey line marks the Antarctic Cold Reversal (ACR; Jouzel et al., 1995) . Calculated P D IPSO 25 value of the surface sample (multi-core PS69/275-2) indicated by blue dot with black circle and label in respective color. Triangles in P D IPSO 25 -curve: thick ice cover, maximum value of 1 assigned to these samples. Core is divided into four units as indicated in the lowermost and topmost bar: Unit A: floating ice canopy (blue shading), Unit B: dynamic ice front, Unit C: reduced sea ice/sea-ice re-expansion (red shading), Unit D: seasonal sea ice, as indicated in Fig. 2 . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) value of 150Â 10 À5 SI units; Fig. 3e and f) . Likewise, there is no significant change in grain sizes in comparison to that of subunit C1, with mainly silt and clay being deposited (Fig. 3h) . Based on these findings we conclude that subunit C2 reflects a time of sea-ice re-expansion during spring, which allowed for a high production of IPSO 25 . We suggest that this interval of sea-ice re-expansion coincided with the end of the Younger Dryas stadial in the Northern Hemisphere, which is roughly consistent with the AIO 14 C date of 11 989 cal. a BP (Hillenbrand et al., 2010, Figs. 2 and 3).
Unit D: Seasonal sea-ice cover environment
The uppermost Unit D (150-0 cmbsf) spans the time after ca 12 ka BP (Hillenbrand et al., 2010) and is marked by highly variable biomarker concentrations. It can be divided into two subunits (D1 and D2).
In subunit D1 (150-80 cmbsf) concentrations of the sea-ice biomarker IPSO 25 are characterised by low values of ca 1 mg*g OC À1 (Fig. 2c) , while concentrations of the phytoplankton-derived biomarker dinosterol are more variable (100e400 mg*g OC À1 ; Fig. 2b ). The generally low P D IPSO 25 values of 0e0.4 suggest a reduced sea-ice cover during deposition of subunit D1 (Fig. 2a) . In contrast, the diatom derived TF reconstructions indicate maximum WSI concentrations of ca 92% (Fig. 3a) . These contrasting reconstructions highlight the potential limitations of the P D IPSO 25 proxy, which are discussed in more detail in section 5. At 140 cmbsf core depth, a minimum observed in both biomarker proxies coincides with a TOC minimum and elevated magnetic susceptibility values and gravel content (Fig. 3) . The high values in magnetic susceptibility are in this case likely due to less dilution from biogenic material rather than increased terrigenous flux associated with IRD input or advance of the grounding line. Shear strength data in core PS69/274-1 show a significant increase from 3 to 9 kPa in subunit D1 (Fig. 3f) , which is also observed in other cores offshore from the westernmost Getz Ice Shelf (Hillenbrand et al., 2010; Smith et al., 2011) and possibly results from the slightly coarse-grained composition of this sediment interval as it is evident from the elevated gravel contents. The upper subunit D2 (80-0 cmbsf) shows highly variable concentrations of the sea-ice biomarker IPSO 25 ranging between 0 and 12 mg*g OC À1 (Fig. 2c) (Fig. 2b) . The sea-ice index P D IPSO 25 fluctuates between 0 and 0.7 (Fig. 2a) , indicating highly variable sea-ice conditions. Diatom-based TF reveals WSI concentrations between 73 and 90% (Fig. 3a) . TOC contents reach highest concentrations in the record (0.8 wt%; Fig. 3e ), indicating relatively high productivity during this time interval, which is also supported by the increase in biogenic opal concentration throughout subunit D2 with values from 2 to 7 wt% (Fig. 3c) . Magnetic susceptibility values slightly decrease upwards throughout the subunit from ca 200 to 120 Â 10 À5 SI units, while the grain size remains unchanged with almost 100% mud content (Fig. 3f and h ). The decreasing magnetic susceptibility values may refer to a reduced input of siliciclastic material resulting in lower sedimentation rates, which in turn may have led to a relative enrichment in biogenic material. Concentrations of the coarse grains >0.5 mm are relatively constant throughout Unit D, with a few distinct peaks up to 1.2 wt% in subunit D2 ( Fig. 3g ; 26 cmbsf, 12.5 cmbsf). Based on these findings, we assume that Unit D in core PS69/274-1 was deposited in a seasonally open marine (i.e. only sea-ice covered during winter and spring) setting similar to today, while the overall co-occurrence and the in-phase changes of both biomarkers are potentially attributable to the establishment of the ASP (Fig. 4 ; Unit D) favouring both IPSO 25 producing sea-ice diatom productivity as well as ice-edge phytoplankton blooms (cf. Belt, 2018) . In this regard, we refer to Campagne et al. (2015) who reveal that each calving event of the Mertz Glacier Tongue (East Antarctica) since the last 250 years results in elevated abundances of IPSO 25 followed by a slow decrease of the sea-ice proxy and a concomitant increase of open-water proxies. Campagne et al. (2015) and Nihashi and Ohshima (2015) both conclude that local, rather than regional/ global dynamics, such as the calving and regrowth of glacier tongues or landfast sea ice, play an important role in the formation and variability of polynya conditions and the resulting sedimentary biomarker/proxy records. Constraining polynya dynamics, however, is very challenging, since it is still debated, for example, whether the high productivity within the ASP is really archived in the underlying sediments or not (Lee et al., 2017) . Hence, it is important to make this subject a focus of future research. The limited availability of Holocene age constraints for core PS69/274-1 impedes direct comparisons with other marine records, from e.g. the Antarctic Peninsula, documenting warming and cooling periods such as the Mid Holocene Climatic Optimum or the Neoglacial (e.g. Heroy et al., 2008; Milliken et al., 2009; Sjunneskog and Taylor, 2002) . However, we note that also the overall trends in IPSO 25 , dinosterol and TOC in Unit D do not exhibit significant similarity with records from the Antarctic Peninsula and hence tentatively suggest that the environment at the core site was controlled by local, potentially ASP, conditions.
Applicability of the combined open-water phytoplankton biomarker and IPSO 25 approach
The PIPSO 25 approach combines information on ocean surface conditions derived from sea-ice algae and open-water phytoplankton. In this respect, it has the potential to be a powerful semiquantitative tool for reconstructing sea-ice cover during the past. However, it is apparent that this novel proxy also has its limitations that need to be considered in order to establish robust interpretations. Most open-water phytoplankton biomarkers have multiple source organisms and are not specific to certain environments. Although dinoflagellates are the major source of the herein used open-water phytoplankton dinosterol, it is not unique to these organisms and is also found in diatoms (Volkman et al., 1993; Volkman, 2006) . Despite the different sources of dinosterol, it can still be considered a useful proxy for open water environments, since it has not yet been found in any other organisms of sympagic origin . Furthermore, selective degradation of IPSO 25 and phytoplankton biomarkers likely influences the ratio between their source and sedimentary environments (Rontani et al., 2019a, b) . More in-situ studies investigating the transport and preservation of HBIs and sterols under varying oceanographic conditions (including different sedimentation rates) are needed to address these aspects.
Despite the need for further investigations to overcome these specific knowledge gaps, the combined approach of PIPSO 25 can help circumvent misleading interpretations, such as over-/underestimations of sea-ice cover on the basis of high/low IPSO 25 concentrations in the sediments. It is, however, important to carefully interpret the PIPSO 25 index when, for instance, fluctuations of IPSO 25 and the phytoplankton biomarker are in-phase. On the basis of work in the Arctic, Müller et al. (2011) demonstrated that coevally high (for marginal ice zone conditions) or low (for a perennial sea-ice cover) concentrations of both biomarkers can lead to similar PIP 25 values, despite the very different sea-ice conditions. The same principle also applies to the PIPSO 25 index, suggesting the need to interpret these data alongside other proxies.
Unit D1 (150-80 cmbsf) in core PS69/274-1, for instance, is characterised by intervals of very low concentrations of both biomarkers, which usually reflects unfavourable environmental conditions for sea ice diatoms as well as for phytoplankton. In general, these unfavourable environmental conditions are related to a very thick, perennial (sea) ice cover limiting light availability required for photosynthesis. The calculated low P D IPSO 25 values for this interval, however, point to a reduced sea-ice cover. This severe underestimation of sea-ice cover is revealed by the contrasting very high WSI concentrations (up to 90%) derived from diatom TF. This scenario of a more extensive sea-ice cover than inferred from the P D IPSO 25 index is additionally supported by relatively low TOC concentrations and high magnetic susceptibility values. It is therefore important to carefully interpret the PIPSO 25 index not only in combination with other biomarker records but also alongside other proxy records, such as diatom TF data and sedimentological parameters.
Summary and conclusions
Changes in ice shelf/sea-ice cover in the western ASE since the post-LGM deglaciation have been reconstructed using the sea-ice proxy IPSO 25 and the phytoplankton-derived biomarker dinosterol. For a semi-quantitative reconstruction of ice cover, the phytoplankton-IPSO 25 index (P D IPSO 25 ) was applied and compared to both WSI concentrations derived from diatom TF reconstructions and environmental constraints deduced from sedimentological data.
The Getz Ice Shelf and sea-ice cover in the study area show a dynamic behaviour since the last deglaciation with a first break-up or retreat of the ice shelf and the establishment of a dynamic ice front just before 13 cal. ka BP. During the break-up/retreat phase, the biomarker proxy records tentatively suggest either a brief readvance of the ice shelf or the temporary establishment of a perennial sea-ice cover, which could be linked to atmospheric cooling during the Antarctic Cold Reversal. Following this episode, the biomarker records reveal a phase with significantly reduced sea-ice cover during spring and summer around 12.7 cal. ka BP, which was characterised by deposition of a relatively pure diatomaceous ooze. This phase may be linked to a warming in Antarctica, which potentially coincided with the onset of the Younger Dryas stadial in the Northern Hemisphere, and may thus document interhemispheric climate coupling via the bipolar seesaw. After the predominantly open marine phase, a re-expansion of spring sea ice occurred in the western ASE and was followed by highly variable sea-ice conditions throughout the Holocene.
Our study demonstrates that pairing IPSO 25 and a phytoplankton biomarker has the potential to provide a valuable proxy for the assessment of past sea-ice environments in Antarctica. However, to obtain robust palaeoenvironmental information, we recommend that the biomarker lipids are applied alongside other proxies, including diatom TF and TOC data and sedimentological parameters.
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